Mechanical stimuli can modify the energy landscape of chemical reactions and enable reaction pathways, offering a synthetic strategy that complements conventional chemistry 1-3 . These mechanochemical mechanisms have been studied extensively in one-dimensional polymers under tensile stress 4-9 using ringopening 10 and reorganization 11 , polymer unzipping 6,12 and disulfide reduction 13,14 as model reactions. In these systems, the pulling force stretches chemical bonds, initiating the reaction. Additionally, it has been shown that forces orthogonal to the chemical bonds can alter the rate of bond dissociation
. However, these bond activation mechanisms have not been possible under isotropic, compressive stress (that is, hydrostatic pressure). Here we show that mechanochemistry through isotropic compression is possible by molecularly engineering structures that can translate macroscopic isotropic stress into molecular-level anisotropic strain. We engineer molecules with mechanically heterogeneous components-a compressible ('soft') mechanophore and incompressible ('hard') ligands. In these 'molecular anvils' , isotropic stress leads to relative motions of the rigid ligands, anisotropically deforming the compressible mechanophore and activating bonds. Conversely, rigid ligands in steric contact impede relative motion, blocking reactivity. We combine experiments and computations to demonstrate hydrostatic-pressure-driven redox reactions in metalorganic chalcogenides that incorporate molecular elements that have heterogeneous compressibility [16] [17] [18] [19] , in which bending of bond angles or shearing of adjacent chains activates the metal-chalcogen bonds, leading to the formation of the elemental metal. These results reveal an unexplored reaction mechanism and suggest possible strategies for high-specificity mechanosynthesis.
We demonstrate the molecular anvil concept (Extended Data Fig. 1 ) in copper(i) m-carborane-9-thiolate (Cu-S-M9) crystals (where m denotes the meta positions of the carbon atoms in the carborane), synthesized via ligand-directed assembly 16 . The unit cell (Fig. 1a , Extended Data Fig. 2 and Supplementary Table 1), determined by single-crystal X-ray diffraction (XRD), is composed of two enantiomers. Each molecule (Fig. 1b) has a Cu 4 S 4 core surrounded by M9 ligands. These ligands are anticipated to be much more structurally rigid, owing to their cagelike nature, than the Cu 4 S 4 core. Importantly, the distances between M9 groups (7.4-9.2 Å) are substantially larger than the molecular distance in m-carborane crystals (6.9 Å, ref. 17) , indicating that the M9 groups are not in van der Waals contact, thus allowing them to move without mutual steric hindrance under compression.
We first show that hydrostatic pressure drives a Cu(i) to Cu(0) reduction in Cu-S-M9. Transmission electron microscopy (TEM) images of a sample after compression to 12 GPa reveals crystalline nanoclusters ( Fig. 1c and d ) with lattice spacing of 2.08 Å, consistent with the [111] spacing of face-centred cubic copper. Energy dispersive X-ray spectroscopy (EDS, Fig. 1e ) shows that the nanoclusters are composed exclusively of copper and are free of sulfur, clearly different from the pristine Cu-S-M9 (Extended Data Fig. 3 ). These results indicate that Cu(i) in Cu-S-M9 is reduced to Cu(0) under hydrostatic pressure. Note that the average size of the Cu nanoclusters, about 10 nm, is not determined by the size of the starting crystal (1-100 μ m, inset to Fig. 1c ), but rather by the nucleation density and diffusivity of atomic copper at high pressure. Here the sulfur serves as the reducing agent, forming an oxidized species (for example, disulfide 20 ) , as revealed by X-ray photoelectron spectroscopy (Extended Data  Fig. 4 ) and supported by density functional theory (DFT) computations discussed later.
This pressure-driven mechanochemical reaction takes a different pathway from conventional thermochemistry of the same compound. Heating Cu-S-M9 to 400 °C under vacuum yields cuprous sulfide (Extended Data Fig. 5 ) instead of elemental copper. Literature data also indicate that pyrolysis of a chemically similar compound, copper(i) tert-butylthiolate, yields cuprous sulfide 21 . The reactivity of the Cu-S-M9 system is pressure-dependent. We first note that elemental copper was observed only after compression beyond 8 GPa (Extended Data Fig. 3 ). To understand this threshold behaviour, we used in situ XRD to track the structural change of the system and its connection with reactivity. The XRD patterns below 8 GPa show well defined peaks corresponding to Cu-S-M9, which shift smoothly to increasing 2θ (decreasing the lattice spacing d) as pressure increases (vertical dotted lines, Fig. 1f ). The unit cell volumes can be fitted to a third-order Birch-Murnaghan equation of state 22 (solid red line, Fig. 1g ), consistent with elastic compression. Releasing the pressure after compression within this range fully restores the ambient diffraction pattern (Extended Data Fig. 6 ), suggesting no irreversible structural change. However, compression beyond 8 GPa results in missing diffraction peaks, and at 12 GPa all diffraction peaks related to Cu-S-M9 disappear (purple, Fig. 1f ), indicating a disordered phase. The diffraction pattern of Cu-S-M9 is not restored after compression to this range (green, Fig. 1f ), indicating irreversible structural change. The pressure range in which the crystalline-disorder transition occurs, 8-12 GPa, agrees well with the pressure window for elemental copper formation observed by TEM.
To establish that this change is due to a pressure-driven reaction, we examined the valence change of copper as a function of pressure.
In situ X-ray absorption spectroscopy (XAS) shows that the intensity of the characteristic Cu(i) peak (8,985 eV, ref. 23 ) decreases at 8-13 GPa (Fig. 1h) , consistent with the pressure range of structural transformation. Although the decreased Cu(i) peak intensity can be attributed to formation of Cu(0) or Cu(ii), ex situ X-ray photoelectron spectroscopy data (Extended Data Fig. 4 ) exclude the formation of Cu(ii). These results show that pressure higher than 8 GPa drives the reduction of Cu(i) to form metallic Cu(0).
DFT computations show that the hydrostatic pressure leads to relative motion of the M9 ligands, which in turn change the bonding in the Cu 4 S 4 core. We computed the equilibrium structures of Cu-S-M9 at 2-12 GPa (Fig. 2a-d ) using the generalized gradient approximation (GGA) level of DFT. The GGA provided a good representation of the system under pressure even without inclusion of dispersion interactions (Methods and Extended Data Fig. 7) .
First, the DFT results confirm the large compressibility difference between the Cu 4 S 4 mechanophore and M9 ligands. The bond lengths in M9 decrease slightly (< 0.1 Å) between ambient pressure and 12 GPa (black and yellow, Fig. 2e ), reflecting the rigidity of the ligand in this pressure range. The compression decreases the spacing between the M9 ligands. For example, the distance between the adjacent M9 1 and M9 2 ligands decreases by > 1 Å (red, Fig. 2e) . Correspondingly, the distance between the two sulfur atoms connected with M9 1 and M9 2 , S1 and S2, decreases by 0.8 Å (blue, Fig. 2e ). These changes are at least one order of magnitude larger than the bond length changes within M9 groups, demonstrating the large compressibility difference between the mechanophore and the ligands. The S2-S3 and M9 2 -M9 3 distances show similar changes (Extended Data Fig. 8) .
Second, the computed structures show that the Cu 4 S 4 core is anisotropically deformed by the hydrostatic pressure. The system accommodates the reduced S1-S2 distance by bending the S1-Cu1-S2 bond angle from 176° at ambient pressure to 104° at 12 GPa (green, Fig. 2e ). The S2-Cu2-S3 bond angle shows the same trend, while Interestingly, the bending of the S1-Cu1-S2 angle substantially stretches the Cu1-S1 and Cu1-S2 bonds by up to 4% between 7 GPa and 12 GPa (cyan, Fig. 2e ), suggesting weakening of the bond strength in this pressure range. The onset pressure is within 1 GPa of the reaction onset pressure observed by in situ XRD and XAS. This is due to emergence of nodal planes in the highest occupied molecular orbital (HOMO) across the Cu-S bonds (Extended Data Fig. 9 ), transforming the HOMO into an antibonding orbital. We note that although equilibrium structures can be computed up to 12 GPa, experimentally the system is sufficiently destabilized above 8 GPa, and reaction takes place spontaneously at room temperature.
The anisotropic deformation of the mechanophore leads to electron transfer from sulfur to copper. Figure 2f -i depicts the electron density difference (Δ ρ), defined as the electron density of the molecule minus the superposition of electron densities of isolated atoms, from ambient pressure to 12 GPa. At ambient pressure, the negative (magenta) and positive (cyan) Δ ρ near Cu1 and S1/S2 is consistent with the valence of the elements (+ 1 for Cu and −2 for S). As the pressure increases, both the negative and positive Δ ρ isosurfaces near Cu1 and S1/S2 shrink in size. At 12 GPa, the electron density near Cu1 is within 0.01 electron per cubic bohr of the electron density of elemental Cu(0). The minima and maxima of Δ ρ along the Cu-S bonds decrease by 70% and 40% respectively from ambient pressure to 12 GPa (Fig. 2j) . These computational results indicate that as the S-Cu-S bond angle is bent, electron density is transferred from S to Cu, resulting in the reduction of Cu(i), consistent with the experimental observation of elemental copper nanoclusters.
The redox reaction in Cu-S-M9 demonstrates that the relative motion of M9 ligands enables anisotropic deformation and reactivity of the Cu-S mechanophore. In contrast, in metal-organic chalcogenides (MOCs) where the rigid ligands contact each other, the relative motion of the ligands is sterically hindered, prohibiting the deformation and reactivity of the metal-chalcogen mechanophore. We demonstrate this 'steric blockage' scenario (Extended Data Fig. 1 ) in copper(i) adamantane-1-thiolate (Cu-S-Ada, Fig. 3a) . The mechanophore, a Cu-S nanowire with a three-atom cross-section, is surrounded by a ligand shell consisting of adamantyl groups. We note that unlike Cu-S-M9, here the adamantyl groups are in van der Waals contact 16, 24 . In this case, the sterically hindered ligand shell impedes relative movement of the adamantyl groups and deformation of the Cu-S mechanophore. Equilibrium structures computed by DFT (Fig. 3b) shows that the adamantyl groups are rigid from ambient pressure to 20 GPa, with < 0.01 Å change of the average C-C bond lengths (black, Fig. 3c ). During the compression process, the decrease of adjacent adamantyl distances (red, Fig. 3c ) is 40% less than the maximal M9-M9 distance change in Cu-S-M9, indicating much smaller relative motion. Correspondingly, the average S-S distance and S-Cu-S bond angle changes by about 3% and 13% respectively from ambient pressure to 20 GPa (blue and green, Fig. 3c ), substantially smaller than the changes in Cu-S-M9 (about 20% and 40%, respectively, from ambient pressure to 12 GPa). The average Cu-S bond length slightly decreases (cyan, Fig. 3c ) at 20 GPa, in clear contrast to the stretching of Cu-S bonds in Cu-S-M9 at 12 GPa and suggesting no bond weakening.
DFT computations indicate a much smaller electron density shift in Cu-S-Ada than in Cu-S-M9. The positive and negative electron (Fig. 3d and e) . Figure 3f depicts the line profile of Δ ρ along the Cu-S bonds. It can be seen that the Δ ρ maxima near S3 decrease by 0.004 electrons per cubic bohr from ambient pressure to 20 GPa, much smaller than the change (about 40%) in Cu-S-M9. On the other hand, the absolute values of Δ ρ maxima/minima near the other S and Cu atoms increase by up to 0.008 electrons per cubic bohr, indicating an electron density shift from S to Cu in contrast to the S-to-Cu electron transfer observed in Cu-S-M9. These computational results suggest that the reduction of Cu(i) by sulfur, observed in Cu-S-M9, would be hindered in Cu-S-Ada, and we predict that Cu-S-Ada remains mechanochemically inert up to 20 GPa. This prediction was verified by experiments. In situ XRD (Fig. 3g ) shows that the diffraction peaks attributed to Cu-S-Ada shift smoothly from ambient pressure to 20 GPa, indicating no amorphization in this pressure range. Upon releasing the pressure, the ambient XRD pattern is fully recovered, showing that the deformation is elastic. EDS of a sample compressed to 20 GPa (Fig. 3h ) reveals both copper and sulfur, consistent with the composition of the pristine Cu-S-Ada 16 . The nanowire morphology of the sample is also preserved after compression (Extended Data Fig. 10 ). No elemental copper clusters could be observed by TEM. These computational and experimental results corroborate that the sterically hindered adamantyl ligand shell in Cu-SAda impedes the anisotropic deformation and redox reaction in the Cu-S core. Importantly, the steric control of reactivity does not exist in the thermochemistry of these compounds, as both Cu-S-M9 and Cu-S-Ada yield cuprous sulfide under the same pyrolysis conditions (Extended Data Fig. 5) .
The mechanochemistry based on relative motion of rigid ligands can be extended to other molecular architectures. We examined the mechano-reactivity of two different one-dimensional silver diamondoidthiolate structures under hydrostatic pressure. The model systems consisted of two chemically similar, yet sterically different compounds, silver(i) diamantane-1-thiolate (Ag-S-mDia, where m denotes the medial position of the thiol group) and silver(i) adamantane-1-thiolate (Ag-S-Ada) 16 . Both structures have two single-atom Ag-S chains packed together via van der Waals interaction and surrounded by diamondoid sidegroups (Fig. 4a and b Fig. 2) . In Ag-S-mDia the two diamantyl groups reside on the same side of the Ag-S chain, adopting a cis configuration (Fig. 4a) . In contrast, in Ag-S-Ada the two adamantyl groups reside on the opposite side of the Ag-S chain, taking up a trans configuration (Fig. 4b) . We postulate that in the cis configuration, the relative sliding of the two Ag-S chains may occur perpendicular to the chain elongation direction (red arrows, Fig. 4a ). In the trans configuration steric repulsion between adamantyl groups in adjacent chains would impede relative motion.
DFT computations show that the Ag-S mechanophore in Ag-S-mDia sustains much larger deformation than Ag-S-Ada under hydrostatic pressure. The chain alignment angle, defined by sulfur atoms in the two adjacent chains as shown in Fig. 4a , increases by > 10% in Ag-S-mDia from ambient pressure to 20 GPa (blue, Fig. 4c ). In contrast, the chain alignment angle in Ag-S-Ada decreases by approximately 2% in the same pressure range (red, Fig. 4c ). Instead of shearing the mechanophore, the Ag-S-Ada system absorbs the stress by buckling the Ag-S chains.
This displacement in Ag-S-mDia chains results in an electron density shift towards silver. At ambient pressure, negative and positive Δ ρ isosurfaces exist near all Ag and S atoms of Ag-S-mDia (upper panel of Fig. 4d ), consistent with their respective valences (+ 1 for Ag and −2 for S). At 20 GPa, however, the Δ ρ near half of the Ag atoms (Ag1 and Ag2, lower panel of Fig. 4d ) decreases below 0.01 electrons per cubic bohr. The magnitude of this decrease in Δ ρ near Ag1 and Ag2 is comparable to that near Cu1 of Cu-S-M9 at 12 GPa, and suggests the reduction of Ag(i) to Ag(0) at 20 GPa. On the other hand, although the Ag-S chain in Ag-S-Ada is buckled by hydrostatic compression, the negative Δ ρ adjacent to all Ag atoms persists from ambient pressure to 20 GPa (Fig. 4e) , suggesting that the redox reaction is blocked within this pressure range.
The different mechano-reactivity predicted by DFT is confirmed by the experiments. TEM of a Ag-S-mDia sample after compression to 20 GPa (upper inset of Fig. 4f ) reveals crystalline nanoclusters with lattice spacing of 2.4 Å, consistent with the [111] spacing of silver. EDS (Fig. 4f) shows that these clusters consist exclusively of silver and are free of sulfur, thus confirming the formation of elemental silver by hydrostatic compression. In contrast, no silver clusters can be observed in Ag-S-Ada samples after compression to 20 GPa. Although large particles are observed (Extended Data Fig. 10 ), these particles have no identifiable lattice under TEM. Furthermore, EDS reveals that these particles consist of both silver and sulfur (Fig. 4g) , consistent with the composition of pristine Ag-S-Ada. We conclude that although the 20 GPa hydrostatic pressure changes the morphology (from nanowire to particles), and possibly the crystallinity, there is no evidence of a redox reaction in this compound. The computational and experimental results demonstrate that steric effects control the deformation and associated reactivity in one-dimensional MOCs, implementing the molecular anvil and steric blockage scenarios with a different reaction mechanism from the bond angle bending in Cu-S-M9.
The molecular anvils offer an atomic-efficient design of mechanochemical systems with a ligand-to-mechanophore atomic ratio of the order of ten. In contrast, polymeric mechanochemical systems require long chains with about a thousand repeating units supporting the mechanophore 25 , with a polymer-to-mechanophore atomic ratio of at least one hundred. These results suggest that rigid and sterically bulky functional groups, which are widely explored in conventional organic synthesis as protecting and directing groups, might also be readily adopted for mechanochemistry, opening new methods towards highly specific mechanosynthesis.
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MethOdS
Synthesis and structural determination of MOCs. All commercially available chemicals were purchased from Sigma Aldrich and used without further purification. Anhydrous chemicals were used when possible. Synthesis of Cu-SAda, Ag-S-Ada and Ag-S-mDia was described previously 16 . Cu-S-M9 was synthesized in an argon-filled glove box. 20 mM solutions of m-carborane-9-thiol in toluene and copper sulfate in ethylene glycol were layered in a glass vial, with 1:1 volumetric ratio and the toluene phase on top. The mixture was heated at 70 °C for a week. Upon cooling to room temperature, colourless crystals appear at the toluene/ethylene glycol interface. The crystals were harvested by vacuum filtration, washed with ethanol and dried under vacuum.
Single-crystal XRD of Cu-S-M9 and Ag-S-Ada was performed using a Bruker D8 Venture diffractometer, equipped with a MoK α source (wavelength λ = 0.7107 Å) and a Photon 100 complementary metal-oxide-semiconductor detector. Single-crystal XRD of Ag-S-mDia was measured with synchrotron radiation (λ = 0.7749 Å) at Beamline 11.3.1, Advanced Light Source, Lawrence Berkeley National Laboratory, with a Bruker D8 diffractometer and a Bruker AXS APEXII CCD detector. Crystals were coated with Paratone-N oil, attached to Kapton loops, and mounted on the diffractometer. Frames were collected using ω and/or ψ scans and the unit-cell parameters were refined against all data. Data were integrated and corrected for Lorentz and polarization factors, as well as the absorption effects using SAINT 8.27b and SADABS software integrated in the APEX2 suite 26 . Space-group assignments were based upon systematic absences, E-statistics, agreement factors for equivalent reflections, and successful refinement of the structure. The structures were solved by direct methods and expanded through successive difference Fourier maps using SHELXS-97. They were refined against all data using SHELXTL and OLEX2 software [27] [28] [29] . Hydrogen atoms were inserted at idealized positions and refined using a riding model with an isotropic thermal parameter 1.2 times that of the attached atom. Thermal parameters for all non-hydrogen atoms were refined anisotropically. Details of the data quality and a summary of the residual values of the refinements are listed in Supplementary Table 1 . High pressure experiments. Compression and in situ XRD/XAS were performed using a diamond anvil cell with a 500-μ m diamond culet. The sample chamber was created by drilling a 150-μ m hole in a pre-indented stainless steel gasket. Two types of experiments were performed. In the first, the chamber was filled with approximately a few thousand crystals in the size range 1-10 μ m, and no pressure medium was used. In the second scenario, a single crystal with size approximately 100 μ m was loaded in the chamber together with neon as the pressure medium. In both cases we observed formation of elemental copper after compression beyond 12 GPa. The pressure was monitored with the photoluminescence of a 5-μ m ruby ball loaded together with the samples. Pressure was increased and decreased gradually in steps of a few hundred megapascals, and roughly at a rate of 1 GPa min −1
. Pressure values reported throughout the paper have 5% uncertainty 30 . In situ powder XRD was performed at Beamline 12.2.2, Advanced Light Source, Lawrence Berkeley National Laboratory. A monochromatic beam (λ = 0.4959 Å) was used. Samples were measured with the Debye-Scherrer geometry. The Debye rings were integrated using the FIT2D software 31 . To derive the lattice parameters from the diffraction patterns, the lattice spacings corresponding to six diffraction peaks with known Miller indices (vertical dashed lines in Fig. 1f , see also Supplementary Table 5 ) were calculated at different pressures. Note that in triclinic crystals The lattice parameters can thus be found by numerically solving the nonlinear equation sets.
High pressure XAS experiments were performed at Beamline 16-BMD HPCAT, Advanced Photon Source, Argonne National Laboratory. Monochromatic X-rays focused by Kirkpatrick-Baez mirrors were directed through a symmetric diamond anvil cell. The scattered X-ray was then energy-selected by an analyser and collected by the detector. The entire edge was scanned from 8,970 eV to 9,025 eV with a step size of 0.25 eV. The pre-edge was scanned from 8,980 eV to 8,990 eV with a step size of 0.1 eV. Ex situ characterizations. TEM imaging and EDS were collected on an FEI Tecnai F20 system operating at 200-kV accelerating voltage. To prepare the TEM samples, the metal gasket containing the post-compression material was unloaded from the diamond anvil cell and sonicated in isopropanol. The supernate was drop-cast on a nickel TEM grid (Ted Pella). The TEM grid was then rinsed in chloroform and dried in vacuum. We note that the sonication or imaging process does not produce metal nanoclusters (Extended Data Fig. 3) .
Scanning electron microscopy images were acquired with an FEI Magellan system operating at 2-kV acceleration voltage. Sample powders were gently pressed onto a degenerately doped silicon wafer, and sputter-coated with about 5-nm-thick Au/Pd before imaging.
X-ray photoelectron spectroscopy was measured on a PHI Versaprobe system with monochromated AlK α source (1,486 eV). Pristine sample powders were pressed onto a degenerately doped silicon wafer. Compressed samples were characterized in the gasket.
Ex situ XRD was performed on a Bruker D8 Venture system equipped with a MoK α source (λ = 0.7107 Å) and a complementary metal-oxide-semiconductor detector. Powder samples were filled into borosilicate capillary tubes and measured with the Debye-Scherrer geometry. The Debye rings were integrated using the APEX3 software suite. DFT computations. DFT computations were performed with the plane-wave basis set, the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 32 and the projector augmented wave method, implemented in the Quantum ESPRESSO package 33 . For each pressure, the crystal structure was first optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. All atomic positions and lattice parameters were optimized. The kinetic energy cutoffs for wavefunctions and electron density were set at 60 and 240 Rydberg (Ry) for the optimization. The convergence threshold for energy, force and pressure were set to 10 −4 Ry, 10 −4 Ry per bohr and 10 MPa, respectively. After convergence of the structural optimization, another single-point calculation with higher cutoffs (80 Ry for wavefunctions and 800 Ry for electron density) was performed to determine the electron density, total energy and stress tensor. The off-diagonal elements of the stress tensors are less than 1% of the diagonal elements (Supplementary Tables 3 and 4) , confirming the isotropy of the pressure in these computations. The structural and volumetric data were visualized with Mercury 34 and VESTA 35 . Dispersion interactions are important in determining the ambient structures of MOCs 16 . We included dispersion interactions in the DFT computations of the high-pressure structures using nonlocal exchange-correlation functionals including vdW-DF 36 , vdW-DF2 37 and vdW-DF-cx 38 . We found that the unit cell volumes of Cu-S-M9 computed with PBE, vdW-DF and vdW-DF2 all agree reaso nably well with experimental data, with less than 5% deviation, while vdW-DF-cx consistently underestimates the unit cell volume, probably owing to overestimation of the dispersion interaction. Furthermore, both PBE and vdW-DF robustly reproduce the key structural changes in Cu-S-M9, that is, shrinkage of the S1-S2 distance, bending of the S1-Cu1-S2 bond angle and elongation of the Cu− S bond beyond 7 GPa (Extended Data Fig. 7) . These results indicate that the dispersion interaction does not substantially affect the computed high-pressure structures. Data availability. Additional data supporting the findings of this study, including raw images, spectra and diffraction patterns, as well as DFT input and output files, are available from the authors. The crystallographic data have been deposited with the Cambridge Crystallographic Data Centre under CCDC-1589700, CCDC-1589701 and CCDC-1589702. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
